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Abstract 

Microbes pose severe threats to animals as competitors or pathogens and strongly affect the evolution of life history 
traits like parental care. Females of the European beewolf Philanthus triangulum, a solitary digger wasp, provision 
their offspring with paralyzed honeybees and embalm them with the secretion from large postpharyngeal glands 
(PPG) that contain mainly unsaturated hydrocarbons. This coating changes the physico-chemical properties of the 
prey surface, causes a reduction of water condensation and retards growth of mold fungi. Here we examined the 
closely related South American genus Trachypus, which shows a life-history similar to Philanthus. We investigated 
whether Trachypus spp. also possess PPGs and embalm larval provisions. Using histological methods and 3D 
reconstructions we show that Trachypus boharti and T. elongatus possess PPGs that are similar to P. triangulum but 
somewhat smaller. The ultrastructure of the gland epithelium suggests that the gland content is at least partly 
sequestered from the hemolymph. Chemical analyses using gas chromatography / mass spectrometry revealed that 
both the cuticle and PPGs of Trachypus contain mainly unsaturated long-chain hydrocarbons. The gland of T. boharti 
additionally contains long-chain ketones. The hydrocarbons from the PPG of T. elongatus occurred on prey bees 
excavated from nests in the field but not on conspecific control bees. While the embalming only slightly elevated the 
amount of hydrocarbons on prey bees, the proportion of unsaturated hydrocarbons, which is crucial for the antifungal 
effect, was significantly increased. The Trachypus species under study possess PPGs that are very similar to the 
PPG of P. triangulum with regard to morphology, ultrastructure and chemistry. Moreover, we provide clear evidence 
that T. elongatus females embalm their prey, presumably as a means of prey preservation. The observed differences 
among Trachypus and Philanthus in gland size and prey embalming may have evolved in response to divergent 
ecological conditions. 

Citation: Herzner G, Kaltenpoth M, Poettinger T, Weiss K, Koedam D, et al. (201 3) Morphology, Chemistry and Function of the Postpharyngeal Gland in 
the South American Digger Wasps Trachypus boharti and Trachypus elongatus. PLoS ONE 8(12): e82780. doi:10.1371/journal. pone. 0082780 

Editor: Claude Wicker-Thomas, CNRS, France 

Received September 13, 2013; Accepted October 28, 2013; Published December 6, 2013 

Copyright: © 2013 Herzner et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This study was supported by a grant of the Systematics Research Fund (SRF) jointly administered by the Council of the Linnean Society of 
London and the Systematics Association to Gudrun Herzner (http://www.systass.org/awards/srf.shtml), by the German Science Foundation (DFG) with a 
grant to Erhard Strohm and Martin Kaltenpoth (grant number: DFG STR 532/2-2) and within the funding program Open Access Publishing (http://dfg.de/ 
en/). Martin Kaltenpoth and Johannes Kroiss gratefully acknowledge financial support from the Max Planck Society (www.mpg.de/en). The funders had no 
role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing interests: The authors have declared that no competing interests exist. 

* E-mail: gudrun.herzner@biologie.uni-regensburg.de 



Introduction 

Pathogenic and competing microbes prevail everywhere that 
animals live. This permanent threat has given rise to a 
remarkable diversity and complexity of animal adaptations to 
protect themselves, their offspring as well as their food against 
microbial attack [1-8]. 

A solitary digger wasp, the European beewolf Philanthus 
triangulum Fabricius (Hymenoptera, Crabronidae), for example 



shows several intriguing adaptations to such kinds of threats. 
Female beewolves provision brood cells with paralyzed 
honeybees (Apis mellifera, Hymenoptera, Apidae) as food for 
their offspring [9]. In the subterranean nests the prey bees and 
the developing brood are exposed to a multitude of biotic and 
abiotic threats. To protect the provisions and their brood 
against infestation by microbes, P. triangulum females embalm 
their prey with large amounts of hydrocarbons (HCs) [7,10-13]. 
This prey embalming considerably increases the total amount 
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of HCs on the prey bee surface as well as the proportion of 
unsaturated and shorter-chain HCs [10-12]. Such a change in 
the chemical profile may reduce the melting point of the total 
hydrocarbon mixture on the prey bee surface [14,15], in that it 
becomes more or less liquid and forms an oily, hydrophobic 
layer [10]. As a result, water condensation on the bees is 
reduced so that the growth conditions for fungi are impaired 
and fungus growth is significantly retarded [7,10,13]. A second 
benefit of the thick layer of HCs caused by the embalming is a 
reduction of water loss from the prey bees that helps the 
beewolf larva to resist desiccation under hot and dry conditions 
[12]. 

The HCs used for embalming are secreted from a large head 
gland, the postpharyngeal gland (PPG) [16-18]. This type of 
gland has long been known only from ants [19-21], until it has 
recently been described in P. triangulum [16,22] as well as in 
the emerald cockroach wasp Ampulex compressa 
(Hymenoptera, Ampulicidae) [23]. In all these taxa, the PPG 
contains mostly HCs (but see 22,24) that show a high 
congruence with the respective epicuticular hydrocarbon profile 
[17,18,20,23,25]. In ants, several functions have been 
suggested for the PPG (for a review see 19), with the crucial 
role in nestmate recognition being the most prominent [26-28], 
The PPG in A. compressa was proposed to function as a HC 
storing organ [23]. 

The simple yet ingenious physical mechanism of prey 
embalming to fight fungi and desiccation has so far only been 
described for P. triangulum, but preliminary analyses of other 
Philanthus species show that they also possess PPGs and 
embalm their prey (Herzner, Kaltenpoth and Strohm, 
unpublished). The embalming of prey with a PPG secretion 
thus seems to be common in the genus Philanthus, which 
comprises about 140 species with a distribution in Europe, 
Africa, North America, and Asia [29,30]. 

Published morphological phylogenies [31] as well as a 
molecular phylogeny of the subfamily Philanthinae that is under 
construction (Kaltenpoth, Strohm et al., unpublished) suggest 
that the most closely-related taxon to Philanthus is Trachypus, 
a genus that comprises about 30 species in Central and South 
America [29,30]. The life-history of Trachypus is similar to that 
of Philanthus, with females constructing nests in the soil and 
hunting hymenopteran prey (Figure 1) as provisions for their 
progeny [30,32-34]. Thus, it is likely that Trachypus, as the 
'neotropical ecological equivalent to Philanthus' [35], faces 
similar threats with regard to pathogenic and competing 
microorganisms and desiccation. 

We already know that Philanthus and Trachypus share 
another antimicrobial defense mechanism. European 
beewolves have evolved a protective symbiosis with 
Streptomyces bacteria ('Candidatus Streptomyces philanthi') 
that are cultivated in the females' antennae, secreted into the 
brood cells, taken up by the larvae and integrated into the 
cocoon [6,36,37] where they produce a mixture of antibiotics 
that fight a multitude of microorganisms and secure the survival 
of the developing beewolf [6,37,38]. Closely related bacteria 
have been found in the antennae of 28 other species of the 
genus Philanthus [36]. Recently, it has been shown that 
Trachypus as well as another related genus, Philanthinus, also 




Figure 1. Female T. boharti hunting males of the 
stingless bee Scaptotrigona postica in flight. 

doi: irj.1371/journal.pone.0082780.g001 

engage in protective symbiosis with Streptomyces bacteria 
[39,40]. 

The present study aims to elucidate whether females of 
Trachypus spp. also possess PPGs and embalm their prey. We 
investigated two species, Trachypus boharti (Rubio) and 
Trachypus elongatus (Fabricius), for the presence, 
morphology, and ultrastructure of the PPG by light microscopy, 
transmission electron microscopy and 3D-reconstruction of 
cephalic structures based on semi-thin sections. The contents 
of the PPGs of the two Trachypus species were analyzed by 
gas chromatography - mass spectrometry to assess whether 
they are dominated by HCs. In addition, the chemical profiles of 
the cuticles were analyzed and checked for chemical 
congruence with the PPG content. To assess whether the prey 
in the brood cells is embalmed, provisioned prey bees were 
excavated from T. elongatus nests in the field, and their 
chemistry was compared with both conspecific control bees 
caught in the field and the chemical profile of the PPG of T. 
elongatus females. The results provide new insights into the 
evolutionary history of the PPG and the distribution and 
variation of embalming behavior within the crabronid wasps. 

Results 

Morphology and ultrastructure of Trachypus PPGs 

The histological investigations revealed that females of both 
T. boharti and T. elongatus possess large gland reservoirs that 
originate from the pharynx near the posterior part of the 
hypopharyngeal plate and can thus be called PPGs. The 3D- 
reconstructions illustrate that the PPG is located in the 
forehead in the upper two thirds of the head capsule and 
extends laterally to the anterior margins of the eyes (Figure 2). 
The PPGs of both species originate from the pharynx and 
comprise various tubular extensions. In T. elongatus, the gland 
has an overall 'glove-like' structure (Figure 2B) with 10-12 
'fingers' originating from a common root. The PPG of T. 
boharti, in contrast, has a more 'comb-like' overall structure 
(Figure 2A) with 10-12 'teeth' originating from a common 
branch. In T. boharti, the 'teeth' of the reconstructed individual 
appear somehow collapsed. The PPG of T. elongatus has an 
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additional sac-like extension ventrally to the pharynx. The 
calculated gland volumes were 0.27 pi for T. elongatus (3.6 
mm head capsule width) and 0.1 pi for T. boharti (3.5 mm head 
capsule width). 

The histological investigations of the semithin sections 
revealed that in T. boharti the left and right 'comb' of the gland 
each have their own opening into the pharynx laterally near the 
suspensorium of the hypopharyngeal plate. In T. elongatus, in 
contrast, the roots of the two 'gloves' cohere and have one joint 
dorsal connection to the pharynx. In both species air sacs are 
located between the frontal cuticle and the PPG as well as 
between the PPG and the brain. 

In both species the wall of the PPG is formed by a 
monolayered epithelium (Figure 3). The basal (outer) side of 
the epithelium is characterized by multiple constrictions and 
foldings that apparently enlarge the outer surface. The apical 
(inner) side of the epithelium bears numerous long hairs that 
extend into the lumen. These hairs become less abundant 
towards the outer parts of the gland. There are no class-Ill 
gland cells [41,42] with duct cells and secretory cells 
associated with the PPG. In some regions the epithelium 
borders a tissue of relatively large cells, some of which contain 
numerous large vesicles (Figure 3). While there are muscles 
attached to the cuticular extensions of the hypopharyngeal 
plate near the opening of the PPG in both species, no muscles 
are directly associated with the epithelium of the gland. In T. 
elongatus there is a circular muscle around the opening of the 
lower sac-like part of the PPG. 

The transmission electron microscopic investigations of the 
ultrathin sections of T. boharti PPGs confirmed that the wall of 
the gland reservoir is formed by a monolayered epithelium 
(Figure 4A). The thickness of this epithelium is rather variable. 
The apical side of the epithelium is characterized by a well- 
developed microvillar fringe and is supported by an intima 
(cuticle) that resembles the intima of the pharynx. The basal 
side of the epithelium is bordered by a basal lamina that shows 
numerous conspicuous invaginations. The epithelial cells 
contain large nuclei, mitochondria, smooth and some rough 
endoplasmatic reticulum, and septate desmosomes. There are 
no extracellular cavities, pore canals, or ducts that are 
characteristic of class-Ill gland cells [41]. 

The cells bordering the PPG in T. boharti seem to comprise 
two different types (Figure 4B). One type appears lighter and 
contains mainly smooth endoplasmatic reticulum in high 
densities as well as mitochondria. The darker appearing cell 
type contains mainly rough endoplasmatic reticulum, 
mitochondria and various large electron translucent vesicles 
(Figure 4B). Both cell types are found in close proximity with 
each other and the epithelium of the PPG. The pronounced 
invaginations of the epithelium's basal lamina at the contact 
sites between the PPG and these neighboring cells as well as 
at sites where the PPG is in direct contact to the hemocoel 
suggest an extensive transport of substances across this basal 
lamina. 

Chemistry of Trachypus PPG and cuticle 

In the PPG samples of T. boharti, we detected 51 
substances with chain lengths of 21-31 carbon atoms (Table 



1). The chemical profile was dominated by long-chain 
unsaturated HCs (on average 84.5±1.5% of the total amount of 
HCs) with 7-pentacosene being the most abundant compound. 
The PPGs of T. boharti also contained 14 long-chain 
unsaturated ketones ranging from C23 to C29. The structures 
of these alkenones were assigned by their mass spectra and 
the mass spectra of their DMDS adducts. The mass spectrum 
of the most abundant alkenone, 18-pentacosen-6-one, for 
example, was characterized by a molecular ion at m/z 364 
[C5H1 1-CO-C19H37] + and two diagnostic fragment ions at m/z 
99 for [C 5 H ir CO] + and at m/z 293 for [C 19 H 37 -CO] + , indicating 
that the carbonyl group is at position C6. The mass spectrum of 
the DMDS (molecular weight = 94) adduct showed a molecular 
ion at m/z 458 (364+94) and diagnostic fragment ions at m/z 
145 and m/z 313, which clearly reflect a double bond at the 
C18 position in the original alkenone (see Table 1 and Figure 
S1 for the diagnostic ions of the ketones and their respective 
DMDS adducts and two exemplary mass spectra). The mass 
spectrum of 18-heptacosen-10-one was identical to that 
published by Yasui et al. [43]. 14-tricosen-6-one, 16- 
pentacosen-8-one, 18-heptacosen-10-one had previously been 
described for P. triangulum [17]. Mass spectra and retention 
times of these ketones found in T. boharti and P. triangulum 
(reanalyzed on our GC/MS set-up) were identical. 

The polar as well as non-polar fractions of pooled samples 
revealed the presence of additional compounds (mainly 
saturated and unsaturated ketones) which could not be 
detected in extracts from single individuals because of their low 
abundance and/or because they coeluted with the dominant 
HCs. For completeness, these additional compounds are given 
in Table S1. 

The cuticle samples of T. boharti contained 39 substances of 
chain length C21 to C31 (Table 1). The overall 
chromatographic patterns of PPG and cuticle closely 
resembled each other. According to a major axis regression 
analysis (R=0.88, P=0.0003, see Figure S2), there was a direct 
proportionality in the proportions of components on the cuticle 
and in the PPG. 

The average total amount of substances found in the PPG 
samples of T. boharti was 15.6 ± 6.4 pg, the average total 
amount of compounds on the cuticle was 8.2 ±3.1 pg and thus 
significantly less than in the PPG (paired t-test: t=-3.99, 
P=0.0032). 

In T. elongatus, the PPG and head samples contained 35 
substances with chain length C21 to C33 (Table 2 and Figure 
5C) and were dominated by unsaturated HCs (67%). The 
cuticle samples contained the same substances, and the 
chromatographic pattern of the PPG showed high congruence 
with the cuticular chemistry (R=0.88, P=0.004, Figures 5C and 
D and Figure S3). The total amount of HCs was 47.5 pg for the 
PPG and 54.1 pg for the corresponding cuticle sample. 

Prey embalming in T. elongatus 

Of the 31 excavated T. elongatus brood cells, three were 
freshly provisioned and contained 4, 3, and 3 Trigona hyalinata 
(Lepeletier) (Hymenoptera, Apidae, Meliponini) workers, 
respectively. Chemical analyses showed that T. hyalinata 
control bees that were caught in the vicinity of T. elongatus 
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Figure 2. 3D-reconstructions of the postpharyngeal glands of females. (A) T. boharti, and (B) T. elongatus. Abbreviations: Br, 
brain; Oc, ocellus; Ph, pharynx; PPG, postpharyngeal gland. Head capsule widths of the depicted individuals were 3.52mm for T. 
boharti and 3.64mm for T. elongatus. 

doi: 10.1371/joumal.pone.0082780.g002 



PLOS ONE | www.plosone.org 



4 



December 2013 | Volume 8 | Issue 12 | e82780 



Postpharyngeal Gland in Trachypus spp. 




Figure 3. Semi-thin sections of the postpharyngeal glands of females. (A) T. boharti, and (B) T. elongatus. All the features 
shown for one species could also be observed in the other, but may not appear in the respective picture. Abbreviations: As, air sac; 
Ep, epithelium of the PPG; H, hair; Lu, lumen of the PPG; N, nucleus; sC, surrounding cell; V, vesicle (scale bars = 50pm). 

doi: 10.1371/joumal.pone.0082780.g003 
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Figure 4. Transmission electron micrographs of the PPG epithelium of a female T. boharti. (A) Epithelium of the PPG (scale 
bar = 2.5pm); (B) PPG and the surrounding cells (scale bar = 5pm). The surrounding cells are in direct contact with the PPG and 
with each other (white arrows). Abbreviations: Bl, basal lamina; Bin, basal invagination; Cu, cuticle; dC, dark cell; H, hair (cross-cut); 
IC, light cell; Lu, lumen; Mt, mitochondrium; Mv, microvilli; PPG, postpharyngeal gland; S, secretion; sER, smooth endoplasmatic 
reticulum; V, vesicle. 

doi: 10.1371/journal.pone.0082780.g004 



nests and directly from their nest entrance carried 21 HCs 
(Figure 5A and Table 2). The chemical analyses of the 
provisioned bees revealed that, in addition to the species 
specific cuticular HCs, they all carried the substances that we 
found in the samples of T. elongatus females (Figure 5B and 
Table 2). 

If T. elongatus females add their characteristic HCs to the 
surface of their prey bees that already carry their own 
characteristic HCs, the chemical profile of provisioned bees is 
expected to be intermediate between the wasps and 
conspecific control bees. The multivariate statistical analyses 
revealed that this was actually the case (Figure 6). An ANOSIM 
analysis showed an overall significant difference between all 
three groups (R = 0.97, P = 0.0001) and significant differences 
in all pairwise comparisons (sequential Bonferroni correction; P 



< 0.01 for all comparisons; control bees vs. provisioned bees R 
= 0.96; control bees vs. T. elongatus R = 1 ; provisioned bees 
vs. T. elongatus R = 0.99). The substances contributing most to 
the difference between control bees and provisioned bees were 
the hentriacontenes (15% in the SIMPER analysis), which are 
the most abundant unsaturated compounds found in the PPG 
of T. elongatus females (see also Figure 5 and Table 2). 

Provisioned bees carried only slightly but not significantly 
more HCs than control bees (median ± median absolute 
deviation: 40.9 ± 2.2 pg vs. 38.7 ± 4.9 pg; exact P=0.77). 
Nonetheless, the proportion of unsaturated HCs was 
significantly higher on provisioned bees as compared to the 
controls (median ± median absolute deviation = 37.3 ± 7.0% 
vs. 18.3 ± 0.30%; exact P=0.0013). 
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Table 1. Chemical composition of the postpharyngeal gland 
content and the cuticle of T. boharti females. 











Presence on 


No. 


Substance 


LRI 


Cuticle 


Diagnostic ions 


B1 


Heneicosane 


2100 


+ 


296 


B2 


9-Tricosene 


2272 


+ 


322; DMDS: 173, 243, 416 


B3 


7-Tricosene 


2280 


+ 


322; DMDS: 145, 271, 416 


B4 


Tricosane 


2300 


+ 


324 


B5 


9-Tetracosene 


2372 


+ 


336; DMDS: 173, 257, 430 


B6 


7-Tetracosene 


2380 


+ 


336; DMDS: 145, 285, 430 


B7 


Tetracosane 


2400 


+ 


338 


B8 


1 4-Tricosen-6-one 


2453 




99, 181, 265, 336; DMDS: 
99, 173, 257, 430 


B9 


I A. TrirncQn A. nno 

I I 1 1 lOUotrl 1 1 Ul Itr 


2461 




71, 153, 293, 336; DMDS: 
71, 173, 257, 430 


B1 0 


+ 1 6-TricosGn-6-on6 






99, 181, 265, 336; DMDS: 
99, 145, 285, 430 


B1 1 


1 6-Tricos6n-4-on6 


2467 




71, 153, 293, 336; DMDS: 
71, 145, 285, 430 


B12 


+ Pentacosadiene 




- 


348; DMDS: n.d. 


B13 


+ 3-M ethyl tetracosane 






57, 323 


B14 


9-Pentacosene 


2473 


+ 


350; DMDS: 173, 271, 444 


B15 


7-Pentacosene 


2484 


+ 


350; DMDS: 145, 299, 444 


B16 


5-Pentacosene 


2491 


+ 


350; DMDS: 117, 327, 444 


B17 


Pentacosane 


2500 


+ 


352 


B18 


1 3-Methyl pentacosane 


2533 


+ 


196/197 (sym.) 


B19 


+ 11-Methylpentacosane 




+ 


168/169, 224/225 


B20 


5-Methylpentacosane 


2548 




85, 308/309 


B21 


9-Hexacosene 


2573 


+ 


364; DMDS: 173, 285, 458 


B22 


8-Hexacosene 


2577 




364; DMDS: 159, 299, 458 


B23 


7-Hexacosene 


2582 


+ 


364; DMDS: 145, 313, 458 


B24 


Hexacosane 


2600 


+ 


366 


B25 


1 6-Pentacosen-8-one 


2654 




127, 209, 265, 364; DMDS: 
127, 173, 285, 458 


B26 


1 6-Pentacosen-6-one 


2659 




99, 181, 293, 364; DMDS: 
99, 173, 285, 458 


B27 


1 8-Pentacosen-8-one 


2663 


+ 


127, 209, 265, 364; DMDS: 
127, 145, 313, 458 


B28 


1 8-Pentacosen-6-one 


2666 


+ 


99, 181, 293, 364; DMDS: 
99, 145, 313, 458 


B29 


6,9-Heptacosadiene 


2670 


+ 


376; DMDS: 131, 155, 203, 
299, 323, 371, 407, 455, 502 


B30 


9-Heptacosene 


2675 


+ 


378; DMDS: 173, 299, 472 


B31 


3, 6, 9-Heptacosatriene 


2679 


+ 


108, 135, 318, 345, 331, 374 


B32 


7-Heptacosene 


2684 


+ 


378; DMDS: 145, 327, 472 


B33 


5-Heptacosene 


2693 


+ 


378; DMDS: 117, 355, 472 


B34 


Heptacosane 


2700 


+ 


380 


B35 


7-Octacosene 


2784 


+ 


392; DMDS: 145, 341,486 


B36 


1 8-Heptacosen-1 0-one 


2860 




155, 237, 265, 392; DMDS: 
155, 173, 313, 486 


B37 


+ 18-Heptacosen-8-one 






127, 209, 293, 392; DMDS: 
127, 173, 313, 486 


B38 


20-Heptacosen-1 0-one 


2864 


+ 


155, 237, 265, 392; DMDS: 
155, 145, 341, 486 


B39 


+ 20-Heptacosen-8-one 


2867 


+ 


127, 209, 293, 392; DMDS: 
127, 145, 341, 486 



Table 1 (continued). 











Presence on 


No. 


Substance 


LRI 


Cuticle 


Diagnostic ions 


340 


6 9-Nonacosadiene 


2873 


+ 


404; DMDS: 131, 155, 203, 
327, 351, 399, 435, 483, 530 


B41 


9-Nonacosene 


2876 


+ 


406; DMDS: 173, 327, 500 


B42 


3, 6, 9-Nonacosatriene 


2881 


+ 


108, 135, 346, 359, 373, 402 


B43 


7-Nonacosene 


2884 


+ 


406; DMDS: 145, 355, 500 


B44 


Nonacosane 


2900 


+ 


408 


B45 


7-Triacontene 


2986 


+ 


420; DMDS: 145, 369, 514 


B46 


22-Nonacosen-1 2-one 


3069 




183, 265, 420; DMDS: 171, 
145, 369, 514 


B47 


+ 22-Nonacosen-1 0-one 






155, 237, 293, 420; DMDS: 
155, 145, 369, 514 


B48 


Hentriacontadiene 


3077 


+ 


432; DMDS: n.d. 


B49 


+ 9-Hentriacontene 




+ 


434; DMDS: 173, 355, 528 


B50 


7-Hentriacontene 


3086 


+ 


434; DMDS: 145, 383, 528 


B51 


Hentriacontane 


3100 


+ 


436 



LRI = linear retention index (calculated in relation to n-alkanes) on the RH-5ms+ 
column; 
+ = present; 
" = absent; 

sym = symmetric molecule, reduced number of diagnostic ions; DMDS = 
diagnostic ions of the respective DMDS adducts;n.d. = not detected, 
doi: 10.1371/journal.pone.0082780.t001 

Discussion 

Morphology and ultrastructure of Trachypus PPGs 

Females of T. boharti and T. elongatus possess large PPGs. 
The location and basic morphology are similar to the PPGs of 
female European beewolves, P. triangulum [16], as well as 
many ant species [19-21]. There are, however, some notable 
differences. While in T. boharti and P. triangulum the PPG 
consists of a pair of evaginations, each with its own connection 
to the pharynx, the two branches of the PPG of T. elongatus 
cohere at their base and possess only one joint connection to 
the pharynx. The lower, smaller part of the PPG with a 
separate opening to the pharynx that has been described for P. 
triangulum does not occur in the two Trachypus species. The 
more or less pronounced extension of the PPG ventrally to the 
pharynx in T. elongatus might be interpreted as an intermediate 
stage between P. triangulum and T. boharti. The estimated 
gland volume of P. triangulum is about ten times larger than 
that of T. elongatus. The gland volume of T. boharti was even 
smaller. However, the gland tubes of T. boharti appeared partly 
collapsed, so the actual gland volume is probably somewhat 
larger. 

As in P. triangulum, the wall of the PPG in Trachypus is a 
monolayered epithelium, and the lumen of the gland is lined by 
a cuticular intima. The PPG thus belongs to the epithelial type. 
The long hairs that are formed by the cuticular intima and 
extend far into the lumen have also been described for the 
PPG of P. triangulum. Also as in P. triangulum, the PPG of 
Trachypus is partly bordered by two different types of cells and 



PLOS ONE | www.plosone.org 



7 



December 2013 | Volume 8 | Issue 12 | e82780 



Postpharyngeal Gland in Trachypus spp. 



Table 2. Comparison of the chemistry of T. elongatus with 
its provisioned prey and control bees. 



No. Substance LRI PPG Cuticle EB CB Diagnostic ions 



there are no muscles associated with the epithelium of the 
gland. 

The ultrastructural investigations of T. boharti revealed that 
the cells bordering the epithelium of the PPG show a 
considerable density of smooth and rough endoplasmatic 
reticulum and thus appear to be synthetically very active. The 
cells of the PPG epithelium show comparatively few signs of 
synthetic activity. The pronounced invaginations of the basal 
lamina at the contact areas between the PPG and the 



Table 2 (continued). 



Chemical composition of solvent extracts of the postpharyngeal gland (PPG) and 
cuticle (Cuticle) of a T. elongatus female, a T. hyalinata prey bee excavated from 
a T. elongatus nest (EB, embalmed bee) and a T. hyalinata control bee (CB, 
control bee). 

LRI = linear retention index (calculated in relation to n-alkanes) on the RH-5ms+ 
column; 

+ = the substance was detected in at least one of the samples; 
" = not detected; 

sym = symmetric molecule, reduced number of diagnostic ions; 

MS2 = MS2 diagnostic ions (MS2 precursor ion for all compounds: [M+54] + ). 

doi: 10.1371/journal.pone.0082780.t002 

neighboring cells as well as the hemolymph rather suggest that 
there is an intense transport of substances across the 
epithelium of the PPG. We therefore propose that the secretion 
that is stored in the PPG of Trachypus females is at least partly 
sequestered from the hemolymph and might be synthesized in 
the neighboring cells and in the fat body. Such a (at least 
partial) sequestration of compounds into the PPG has also 
been proposed for female P. triangulum [16,18] and the 
emerald cockroach wasp A. compressa [23] and has been 
shown in ants (see below) [20,44]. 

Chemistry of Trachypus PPG and cuticle 

As in P. triangulum [17,18], A. compressa [23] and various 
ant species [20,25], the PPGs of T. boharti and T. elongatus 
contain mostly HCs. The chemistry of the two Trachypus 
species is dominated by long-chain unsaturated HCs, which is 
also true for P. triangulum [17]. The PPG of T. elongatus 
contains more doubly-unsaturated HCs than that of T. boharti 
and P. triangulum. In both T. boharti and P. triangulum the by 
far most prominent compound is pentacosene, while in T. 
elongatus the hentriacontenes and pentacosane are the most 
abundant compounds. Interestingly, the PPG of T. boharti 
additionally comprises long-chain ketones. 14-tricosen-6-one, 
pentacosan-8-one, heptacosan-10-one, 16-pentacosen-8-one, 
and 18-heptacosen-10-one have also been found in the PPG, 
on the cuticle and in the hemolymph of P. triangulum [17]. 
However, we did not find any ketones in T. elongatus. 18- 
heptacosen-10-one and heptacosan-10-one are part of the 
contact sex pheromone in the white-spotted longicorn beetle, 
Anoplophora malasiaca [43]. All other unsaturated ketones 
have, to our knowledge, not yet been described as natural 
products. Whether these ketones play a special role for the 
defense against microbes and why T. elongatus lacks these 
ketones is not yet known. 

In ants, there is convincing evidence that the HCs are 
synthesized by oenocytes, released into the hemolymph, 
transported by lipophorin to the cuticle as well as to the PPG 
and continuously exchanged between these two sites [20,44]. 
Consequently, there is congruence of the HC profiles of the 
hemolymph, the PPG and the cuticle [20,25,45]. Such 
congruence was also shown in P. triangulum [18] and A. 
compressa [23]. In the two Trachypus species, we also found a 



1 


Heneicosene 


2072 


- 


- 


+ 


+ 


294 


2 


Heneicosene 


2078 


- 


- 


- 


+ 


294 


3 


Heneicosane 


2100 


+ 


+ 


+ 


+ 


296 


4 


Docosane 


2200 


+ 


+ 


+ 


+ 


310 


5 


Tricosene 


2273 


- 




+ 


+ 


322 


6 


Tricosane 


2300 


+ 


+ 


+ 


+ 


324 


7 


3-Methyltricosane 


2372 


•f 


+ 


+ 


+ 


85, 309 


8 


Tetracosane 


2400 


+ 


+ 


+ 


+ 


338 


9 


9-Pentacosene 


2473 


+ 


+ 


+ 


+ 


350; MS2: 306 


10 


7-Pentacosene 


2479 


+ 


+ 


+ 


+ 


350; MS2: 334 


11 


Pentacosane 


2500 


•f 


+ 


+ 


+ 


352 


12 


5-Methylpentacosane 


2549 


+ 


+ 


+ 


- 


85, 308/309 


13 


3-Methylpentacosane 


2573 


+ 


+ 


+ 


+ 


57, 337 


14 


Hexacosane 


2600 


+ 


+ 


+ 


+ 


366 


15 


1 3-Heptacosene 


2666 


+ 






- 


378; MS2: 278 


16 


1 1-Heptacosene 


2669 


+ 


- 


- 


- 


378; MS2: 306 


17 


9-Heptacosene 


2675 


+ 


+ 


+ 


+ 


378; MS2: 334 


18 


Heptacosene 


2684 


- 


- 


+ 


+ 


378 


19 


Heptacosane 


2700 


+ 


+ 


+ 


+ 


380 


20 


Octacosane 


2800 


- 


- 


+ 


+ 


394 


21 


Unidentified 


2811 


- 




+ 


+ 




22 


13-Nonacosene 


2866 


+ 


+ 


+ 


- 


406; MS2: 306 


23 


10-Nonacosene 


2873 


+ 


+ 


+ 


- 


406; MS2: 348 


24 


9-Nonacosene 


2876 


+ 


+ 


+ 


+ 


406; MS2: 362 


25 


8-Nonacosene 


2879 


+ 


+ 


+ 


- 


406; MS2: 376 


26 


Nonacosane 


2900 


+ 


+ 


+ 


+ 


408 


27 


Triacontane 


3000 


- 


- 


+ 


- 


422 


28 


9,19-Hentriacontadiene 


3041 


+ 


+ 


+ 


- 


432; MS2: 374, 332 


29 


Hentriacontadiene 


3048 


+ 


+ 


+ 


- 


432 


30 


Hentriacontadiene 


3058 


+ 


+ 


+ 


- 


432 


31 


15-Hentriacontene 


3066 


+ 


+ 


+ 


- 


434; MS2: 306 


32 


12-Hentriacontene 


3069 


+ 


+ 


+ 




434; MS2: 348 


33 


10-Hentriacontene 


3075 


+ 


+ 


+ 




434; MS2: 376 


34 


9-Hentriacontene 


3078 


+ 


+ 


+ 




434; MS2: 390 


35 


Hentriacontane 


3100 


+ 


+ 


+ 


+ 


436 


36 


Dotriacontane 


3200 






+ 




450 


37 


8,22-Trithacontadiene 


3241 


+ 


+ 


+ 




460; MS2: 416, 374 


38 


Tritriacontadiene 


3250 


+ 


+ 


+ 




460 


39 


Tritriacontadiene 


3258 


+ 


+ 


+ 




460 


40 


16-Tritriacontene 


3262 


+ 


+ 


+ 




462; MS2: 320 


41 


14-Tritriacontene 


3264 


+ 


+ 


+ 




462; MS2: 348 


42 


12-Tritriacontene 


3271 


+ 


+ 


+ 




462; MS2: 376 


43 


9-Tritriacontene 


3277 


+ 


+ 


+ 




462; MS2: 418 



PLOS ONE | www.plosone.org 



8 



December 2013 | Volume 8 | Issue 12 | e82780 



Postpharyngeal Gland in Trachypus spp. 



A: T. hyalinata control 

3 

7 



19 



1 

JL 



10 



■A fl II. fc, . A. . . M ^- A__ 



20 21 



26 



35 

I 



B: Embalmed T. hyalinata 



18 



11 



10 



14 



17 



ULi 



19 



23+24 




33+34 



39 



31+32 



28-30 



37+38 40+41 

35 \l| 



43 



C: I elongatus PPG 



33+34 



11 



6 



1 



8 9 



17 



r i 



19 
JL_ 




39 



37+38 40+41 
35 \ 1 43 



ML 



D : T. elongatus cuticle 



T r 



6 

JL 



10 



9 



15 



i 1 r 
20 



11 



25 



33+34 
31+32 I 
28 30 \ ▼ 37 : 38 



39 



22-25 26 

XL 



i i r 




30 



35 



40 min 



Figure 5. Chromatographic evidence for prey embalming by T. elongatus females. Total ion chromatograms of (A) a T. 
hyalinata control bee, (B) a provisioned T. hyalinata bee excavated from a T. elongatus nest, (C) the PPG content of a T. elongatus 
female and (D) the cuticle of the same T. elongatus female. The peaks of minor compounds are not always visible due to the 
magnification used. The numbers at the peaks correspond to the numbers in Table 2. Unlabelled peaks are contaminations. 

doi: 10.1371/joumal.pone.0082780.g005 



high congruence between the chemical profiles of PPG and 
cuticle, suggesting a similar mode of synthesis and circulation 
of HCs. 

The amount of HCs in the T. elongatus PPG was 48 pg. The 
PPGs of field caught T. boharti contained on average 15.6 pg 
HCs and varied considerably between 4.8 pg and 27.4 pg. The 
average amount of HCs found in the PPG of field caught P. 
triangulum females (330pg) was considerably higher [16]. This 
difference is only partly explained by the larger size of P. 
triangulum females (average head capsule width 4. 25-4. 5mm 
[46] as opposed to T. boharti (3.4±0.2mm; N=16) and T. 



elongatus females (3.6±0.1mm; N=3), making up for an 
approximately twofold difference in body volume. Thus, the 
comparatively smaller glands and lower amounts of secretion 
in the two Trachypus species under study must have different 
reasons (see below). 

Prey embalming 

The specific HCs from the PPG of T. elongatus were clearly 
present on provisioned T. hyalinata bees excavated from T. 
elongatus nests, but not on T. hyalinata control bees. Our 
chemical and statistical analyses revealed that T. elongatus 
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Figure 6. Statistical evidence for prey embalming by T. elongatus females. Two-dimensional MDS representation of the 
chemical profiles of individual T. hyalinata control bees (squares), provisioned T. hyalinata bees (circles), and T. elongatus females 
(triangles) (stress value: 0.1 1). The ellipses depict the 95% confidence intervals. 

doi: 10.1371/joumal.pone.0082780.g006 



females add enough long-chain unsaturated HCs from their 
PPGs to their prey bees to significantly change their chemical 
profile. Consequently, the surface chemistry of provisioned T. 
hyalinata bees was intermediate to the chemical profiles of T. 
hyalinata control bees and T. elongatus females. For the 
present study provisioned prey of T. boharti was not available. 
It is tempting to speculate, however, that this species, which 
preys exclusively on males of Scaptotrigona postica (Latreille) 
(Hymenoptera, Apidae, Meliponini) [32,33] embalms its prey 
with the secretion of its PPG. 

In T. elongatus the embalming did not significantly elevate 
the total amount of HCs on the bees' surface. This is in 
contrast to P. triangulum, where embalming results in a five to 
tenfold increase of HCs on the prey surface [10,11]. However, 
the quantity of secretion applied to the bees might not be the 
decisive factor for the adaptive significance of prey embalming 
in Trachypus. In P. triangulum the embalming not only changes 
the quantity but also the quality of HCs on the bees by 



increasing the proportion of unsaturated HCs about threefold 
(25.8±7.8% for control bees and 73.6±9.9% for provisioned 
bees; [10]). This alters the physicochemical properties of the 
bee surface and consequently causes a decrease in water 
condensation. The reduced availability of water on the bees in 
turn renders microclimatic conditions unfavorable for the 
growth of competing mold fungi. In P. triangulum already small 
amounts of HCs on the bees were sufficient to mediate this 
physical effect [10], indicating that the quality of secretion, 
namely its high degree of unsaturation, is probably more 
important than its quantity (see 13 for a more detailed 
discussion). 

As in P. triangulum, the PPG secretions of both Trachypus 
species consist primarily of unsaturated long-chain HCs. 
Consequently, in T. elongatus the embalming of the 
provisioned bees with the PPG secretion significantly elevated 
the proportion of unsaturated compounds on their surface as 
compared to not embalmed control bees. Whether this 
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doubling of the proportion of unsaturated HCs on the surface of 
the prey of T. elongatus is sufficient to mediate the effect of 
reduced water condensation and fungus growth is currently 
unclear. Assuming the same relationship between the 
proportion of unsaturated HCs and water gain as has been 
found in P. triangulum in the laboratory [10], an increase of 
unsaturation from 18 to 37% would cause a two-fold reduction 
in water condensation on T. elongatus prey bees. Furthermore, 
the excavated T. elongatus brood cells were found very deep in 
the soil (at 95, 100, and 115 cm below the surface), where 
temperature fluctuations that would favor excessive water 
condensation are expected to be negligible [47]. Together, 
these effects might be sufficient to effectively impair fungal 
growth. 

The second benefit of prey embalming in P. triangulum, the 
reduction of evaporative water loss of the prey, increases with 
increasing amounts of HCs on the prey surface [12]. As the 
brood cells of T. elongatus were located deep in the soil and 
surrounded by rather moist sand, the desiccation of the prey 
might not be a problem for T. elongatus. Thus, also the second 
function of the embalming, the prevention of desiccation, would 
not select for large amounts of HCs as a water barrier as found 
in P. triangulum. 

In addition to the benefits of prey embalming, the 
accompanying costs have to be considered. In P. triangulum, 
prey embalming has been shown to enhance offspring survival 
but also to entail costs with regard to a reduced future 
reproductive potential of the females [13]. In order to maximize 
their fitness returns, female P. triangulum hence might adjust 
the amount of secretion in response to the actual conditions. In 
general, the optimal amount of secretion applied to the prey 
bees might depend on various biotic and abiotic factors, i.e. the 
nesting site, temperature and humidity, the prey species, the 
number of prey items and the threat by pathogenic and 
competing microorganisms. The prevalent prey of Trachypus, 
stingless bees, are known to carry plant-derived resins on their 
cuticles [48,49], and these mostly terpenoid compounds are 
known to have antimicrobial activity [50]. In the present study 
we found indications that T. hyalinata likewise carries resins on 
its surface (As the incidence of these compounds was irregular 
and their analysis was beyond the scope of the study, we do 
not provide more details.). Such resins might decrease the 
susceptibility of T. hyalinata to mold fungi and Trachypus 
females might therefore invest less in prey embalming. 

As most of the abiotic and biotic factors that may shape prey 
preservation are likely to differ among Philanthus and 
Trachypus species, each species can be expected to adjust to 
the level of embalming that maximizes its overall reproductive 
success over evolutionary times. It is therefore conceivable that 
the optimal embalming strategy may differ between the 
European beewolf P. triangulum and the South American 
beewolf T. elongatus. We thus propose that, despite the lower 
amounts of secretion applied, the prey embalming in 
Trachypus has evolved as a parental care strategy for the 
purpose of prey preservation. 



Conclusions 

The South American beewolves of the genus Trachypus, 
which show a very similar life-history to the closely related 
genus Philanthus, seem to deploy similar antimicrobial defense 
mechanisms like the protective symbiosis with bacteria and the 
embalming of the prey with long-chain unsaturated HCs. 
Despite the similarities in morphology and chemistry of the 
PPG as well as the prey embalming between P. triangulum and 
the two Trachypus species under study, our results show that 
there are also considerable differences. These are probably the 
result of diverging selection pressures with regard to biotic and 
abiotic conditions that have shaped these traits in the different 
species over evolutionary times. Further studies on the genera 
Philanthus and Trachypus, other members of the subfamiliy 
Philanthinae, and even more distantly related digger wasps will 
be necessary to further unravel the origin and evolutionary 
history of the PPG and the exceptional antifungal defense 
mechanism of prey embalming. 

Methods 

Ethics statement 

Permits were issued by the Brazilian Ministry of the 
Environment: MMA/SISBIO/22861-1. 

Specimens and nest excavations 

Adult female Trachypus boharti and T. elongatus were 
collected in Sao Paulo State, Brazil. Of the collected T. boharti, 
five heads were fixed for histological investigations; six heads 
were dissected to remove the PPGs for ultrastructural 
investigations. Ten specimens were dissected to remove the 
PPGs for chemical analyses. The corresponding bodies (thorax 
and abdomen) were used for chemical analyses. A total of 
fiver, elongatus females was collected. Three heads were 
fixed for histological investigations, one head was extracted in 
hexane for chemical analysis, and one head was dissected to 
remove the PPG for chemical analysis. Of the corresponding 
bodies four were extracted in hexane for chemical analyses. 
Nests of still active T. elongatus females were excavated to 
obtain prey bees from freshly provisioned brood cells. For 
comparison, individuals of the prey species of T. elongatus, the 
stingless bee Trigona hyalinata, were caught directly from their 
nest entrance. 

Histological investigations 

Histological investigations of T. boharti (N = 5) and T. 
elongatus (N = 3) heads were conducted using light 
microscopy following standard histological methods. Freshly 
caught Trachypus were cold-anaesthetized and decapitated. 
The heads were fixed immediately in formalin-ethanol-acetic 
acid fixative (Scheuring). Subsequently, they were rinsed in 
80% ethanol and both eyes were cut off using razor blades to 
enable the embedding medium to soak into the head. The 
specimens were then dehydrated in a graded ethanol series 
and propylene oxide, and finally embedded in Epon 812 
(Polysciences Europe GmbH, Eppelheim, Germany). 
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Continuous series of semi-thin sections (4 urn) were cut on a 
microtome (Reichert Ultracut; Leica Microsystems AG, Wetzlar, 
Germany) equipped with a diamond knife and stained with 
toluidine blue [51]. Sections were examined under a compound 
microscope (Zeiss Axiophot) and photographs were taken 
using a Nikon digital camera (Nikon Digital Sight DS-2Mv) and 
Nikon NIS F 2.20 software (Nikon Corp., Tokyo, Japan). 

3D-reconstruction 

3D-reconstructions of one T. boharti and one T. elongatus 
female head based on the series of semi-thin sections were 
conducted using the 3D visualization software Reconstruct 
(SynapseWeb, Kristen M. Harris, PI, http:// 
synapses.clm.utexas.edu/). The photographs of the series of 
head sections were loaded into the program and manually 
aligned. The structures of interest (postpharyngeal gland, 
pharynx, brain, ocelli) were manually marked in each picture 
and the 3D surfaces computed. The gland volumes were 
calculated by the Reconstruct software. 

Transmission electron microscopy 

Six T. boharti females were cold anaesthetized, decapitated 
and their heads dissected under a stereomicroscope to remove 
the PPGs as described previously for P. triangulum [22]. The 
PPGs were then fixed for transmission electron microscopy 
(TEM) in a modified Karnovsky's prefixative solution (2.5% 
glutardialdehyde and 2 % paraformaldehyde in sodium 
dihydrogen orthophosphate buffer; pH 7.4) in a refrigerator at 
approximately 4 °C. After postfixation in 2% Os04 in 0.1 M 
sodium dihydrogen orthophosphate buffer (pH 7.4) on ice for 2 
hrs, the specimens were dehydrated in a graded ethanol 
series. They were then embedded in Epon 812 (with acetone 
as the intermediary solution). Ultra-thin sections were made 
with a 45° diamond knife on a Reichert Ultracut E microtome 
(Leica Microsystems AG, Wetzlar, Germany). Sections were 
stained with 2% uranyl acetate and Reynolds' lead citrate and 
examined with a Zeiss EM 10 at 80 kV. Micrographs were 
taken with a TRS slow scan CCD camera (type s-7899-v) and 
the software TRS Image Sys Prog (Version 1 .1 .1 .65). 

Chemical analyses 

The solvent extracts of the cuticles and the PPGs of T. 
boharti and T. elongatus were analyzed by gas 
chromatography / mass spectrometry (GC/MS, see below) to 
identify and quantify the chemical compounds and to test for a 
possible chemical congruence. The PPGs were obtained as 
described above and transferred to hexane vials (one PPG per 
vial), where they remained until chemical analyses were 
conducted. The respective bodies (thoraces and abdomens) as 
well as the one head of T. elongatus were individually extracted 
in hexane for 10 min. The bees excavated from T. elongatus 
nests (N = 10) as well as control bees (N = 5) were individually 
extracted in hexane for 10 min. Octadecane was added as an 
internal standard for quantification of the HCs, the samples 
were reduced in volume to approximately 70ul under a gentle 
stream of nitrogen and 1ul of each sample was analyzed by 
GC/MS. 



GC/MS analysis was performed with an Agilent 6890N 
Series gas chromatograph coupled to an Agilent 5973 inert 
mass selective detector (Agilent Technologies, Boblingen, 
Germany). The GC was fitted with an RH-5ms+ fused silica 
capillary column (30mx0.25mm ID; film thickness = 0.25pm; 
Capital Analytical Ltd., Leeds, England). The GC was 
programmed from 70 to 180 °C at 30 °C/min and then at 
3°C/min to 300 °C, with a 1-min initial isothermal and a 5-min 
final isothermal hold. A split/splitless injector (250 °C) was used 
in the splitless mode, with the purge valve opened after 1min. 
Helium was the carrier gas at a constant flow rate of 1ml/min. 
Electron ionization mass spectra (EI-MS) were recorded at an 
ionization voltage of 70 eV, a source temperature of 230 °C, 
and an interface temperature of 315 °C. Data acquisition and 
storage were performed with the GC/MS software MSD 
ChemStation for Windows (Agilent Technologies, Palo Alto, 
CA, USA). Peak areas were obtained by manual integration 
using the GC software. 

After they had been run individually on the GC/MS, the crude 
extracts of T. boharti were pooled and then fractionated by 
column chromatography on a silica gel column (Chromabond 
100mg, Macherey and Nagel) with hexane and 
dichloromethane as the mobile phase to separate polar from 
non-polar compounds. An aliquot of 1ul of each fraction was 
analyzed by GC/MS. Hydrocarbons were identified as 
described previously [23]. Iodine-catalyzed methylthiolation 
using dimethyl disulfide (DMDS) [52,53] was performed to 
determine the positions of the double bonds in alkenes, 
alkadienes and alkenons. Double-bond positions in the 
alkatrienes were determined by their characteristic fragments, 
which, together with the molecular ion, allow the assignment of 
double bonds [54]. Details on the identification of polar 
compounds are given in the results section. 

For T. elongatus, double bond positions of unsaturated HCs 
were determined by a chemical ionization (CI) tandem-mass 
spectrometry (MS/MS) in situ double bond derivatization 
method using acetonitrile (ACN) as the reagent gas [55]. As 
this technique does not result in a retention time shift of the 
derivatized compounds, double bond positions can also be 
determined for very long-chain HCs that are not amenable to 
DMDS derivatization. ACN-CI-MS/MS was performed using a 
Varian 240MS ion-trap mass detector coupled to a Varian 
450GC. All analyses were done in the internal ionization 
configuration. A DB-WAXETR column (30mx0.25mm ID, 
0.25pm df; Agilent Technologies, Santa Clara, CA, USA) was 
used for optimal separation of HC isomers. The split/splitless 
injector was operated at 250°C in the splitless mode. The GC 
oven temperature was programmed as follows: 80°C for 2min, 
15°C/min to 240°C, hold 30min. Helium was used as the carrier 
gas at a constant flow rate of 1ml/min. CI spectra were 
recorded using acetonitrile (ACN) as the reagent gas with a 
mass range of m/z 60-500. CI-MS/MS experiments with the [M 
+54] + adducts of unsaturated HCs as precursor ions were 
conducted with the resonant waveform type for precursor ion 
excitation, an isolation window of m/z = 3, and a maximum 
reaction time of 100ms. The automatic "q" calculator was used 
for the determination of precursor ion excitation energy and 
product ion mass range. All CI measurements were conducted 



PLOS ONE | www.plosone.org 



12 



December 2013 | Volume 8 | Issue 12 | e82780 



Postpharyngeal Gland in Trachypus spp. 



with an ion-trap temperature of 220°C, a manifold temperature 
of 50°C, and a transfer line temperature of 240°C. 

Linear retention indices (LRIs) of unsaturated HCs were 
determined on a DB-5ms column (30mx0.25mm ID, 0.25pm df; 
Agilent Technologies, Santa Clara, CA, USA) with the following 
GC oven temperatures: 150°C for 1min, 5°C/min to 300°C, hold 
10min. All other settings were identical to the ones used for 
identification of HCs on the DB-WAXETR column. EI-MS and 
ACN-CI-MS/MS experiments were used to homologize peaks 
with those detected on the DB-WAXETR column. Data were 
analyzed using the MS Workstation software (version 6.9.3, 
Varian Inc., Palo Alto, CA, USA). 

Data analysis 

To test for a chemical congruency between the HCs found in 
the PPG and on the cuticle of T. boharti, a major axis 
regression analysis between the mean proportions of 
components in the PPG and on the cuticle was conducted (for 
further details see Figure S2). The total amounts of substances 
in the individual samples were calculated by use of the internal 
standard. For T. boharti the mean amounts in the PPG and on 
the cuticle were compared with a paired t-test. If not otherwise 
stated, data given are means ± standard deviation. 

For T. elongatus females, we obtained chemical data of the 
PPG and cuticle of one individual, the head and cuticle of 
another individual and the cuticles of two further individuals. 
We checked for a chemical congruence of the PPG, head and 
cuticle samples by investigation of the chromatographic 
patterns, by regression analysis and by multivariate statistical 
analyses (see Figure S3 and Figure S4). The chromatographic 
patterns as well as the statistical analyses revealed 1 ) that the 
chemical profiles of the four individuals were very similar and 2) 
that there was a strong linear relationship between the PPG/ 
head samples and the corresponding cuticle samples, as has 
been shown for T. boharti in the present study (see Results) as 
well as for the closely related P. triangulum [18] and the more 
distantly related A. compressa [23] in earlier studies. The 
chemical congruence of PPG and cuticle justifies the inclusion 
of the cuticle samples in our statistical analyses that test the 
hypothesis of prey embalming. All further statistical analysis 
were performed with the dataset containing one sample per T. 
elongatus individual (N=4 cuticle samples). 

To assess whether T. elongatus females embalm their prey, 
we compared the chemical profiles of T. hyalinata control bees 
(N=5), the excavated provisioned T. hyalinata bees (N=10) and 
T. elongatus females (N=4) by investigation of the 
chromatographic patterns as well as by multivariate statistical 
analyses. As the different isomers of the alkadienes and 
alkenes were only partially resolved by chromatography, they 
were integrated together, which resulted in a total of 22 
integrated peaks. The total peak area of each individual extract 
was standardized to 100% and the relative peak areas were 
calculated. We visualized differences in the chemical profiles 
between the groups by non-metric multidimensional scaling 
(nmMDS), based on Bray-Curtis similarity measures [56,57]. 
The significance of the differences between groups was 
assessed by one-way ANOSIM (ANalysis Of SIMilarity) and the 
chemical compounds primarily responsible for the observed 



differences between control and provisioned bees were 
identified using a SIMPER (SIMilarity PERcentage) analysis, 
both based on Bray-Curtis similarity indices. 

The total amount of HCs as well as the proportion of 
unsaturated HCs on provisioned and control bees was 
calculated and compared with exact tests for independent 
samples. All statistical analyses were performed with the 
statistics software package PAST (Version 2.15, [58]). 

Supporting Information 

Figure S1. Mass spectra for (A) 18-pentacosen-6-one and 
(B) its DMDS adduct. 

(TIF) 

Figure S2. Congruence between PPG content and cuticle 
in T. boharti. The overall chromatographic patterns of PPG 
and cuticle closely resembled each other. All substances found 
on the cuticle were also present in the PPG. Twelve 
compounds were only detected in the PPG but not on the 
cuticle. As these substances are all minor compounds and the 
cuticle samples in general contained lower amounts of 
compounds, the twelve compounds were most probably below 
the detection limit in the cuticle samples. A major axis 
regression between the mean relative amounts of eleven 
selected peaks (representing 17 compounds) revealed a strong 
linear relationship between the compounds in the gland and the 
corresponding compounds on the cuticle (R=0.88, P=0.0003, 
N=10 individuals). Moreover, the linear regression was 
consistent with a direct proportionality in the proportions of 
components on the cuticle and in the PPG (y-intercept: -0.04 
with 95% confidence interval of -0.30 to 0.35; slope: 1 .02 with 
95% confidence interval of 0.63 to 1 .3). The labels of the data 
points correspond to the numbers in Table 1. For the 
regression analysis peak areas were obtained by manual 
integration using the GC/MS software. The peaks of some 
substances showed no base-line separation and were hence 
integrated together and treated as one peak. The total peak 
area of each individual extract was standardized to 100% and 
the relative peak areas of all peaks were calculated. Only those 
peaks that accounted for a mean of at least 1% of the total 
peak area were included in the analysis. The total peak areas 
of these remaining peaks were again standardized to 100%, 
the relative peak areas were calculated and the values 
normalized by log-transformation. The assumption of 
congruence requires direct proportionality between the 
samples, i.e. the slope of the regression line should not differ 
from 1 and the y-intercept should not differ from 0. 
(TIF) 

Figure S3. Congruence between PPG/head and cuticle 
samples in T. elongatus. A major axis regression between the 
relative amounts (peak area transformed; Methods analogous 
to the analysis of T. boharti) of compounds in the PPG/head 
and on the cuticle of T. elongatus females based on the eight 
selected peaks revealed a strong linear relationship between 
the relative amounts of compounds in the PPG/head samples 
and on the cuticle (R=0.88, P=0.004; y-intercept: 0.058 with 
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95% confidence interval of -0.53 to 0.93; slope: 0.97 with 95% 
confidence interval of -0.53 to 2. 25). The labels of the data 
points correspond to the numbers in Table 2. 
(TIF) 

Figure S4. Prey embalming by T. elongatus females. Two- 
dimensional MDS representation of the chemical profiles of 
individual T. hyalinata control bees (squares), provisioned T. 
hyalinata bees (circles), and T. elongatus females (triangles) 
(stress value: 0.092). The ellipses depict the 95% confidence 
intervals. Of the five collected T. elongatus females we 
obtained chemical data of the PPG and cuticle of one 
individual, the head and cuticle of another individual and the 
cuticles of two further individuals. For a first multivariate data 
analysis we included all six T. elongatus samples into the data 
set. Note that the cuticle, PPG and head samples of T. 
elongatus group closely together. C, cuticle; PPG, 
postpharyngeal gland; H, head. 

References 

1. Herzner G, Schlecht A, Dollhofer V, Parzefall C, Harrar K et al. (2013) 
Larvae of the parasitoid wasp Ampulex compressa sanitize their host, 
the American cockroach, with a blend of antimicrobials. Proc Natl Acad 
Sci U S A 110: 1369-1374. doi:10.1073/pnas.12133841 10. PubMed: 
23297195. 

2. Kudo S-l, Akagi Y, Hiraoka S, Tanabe T, Morimoto G (2011) Exclusive 
male egg care and determinants of brooding success in a millipede. 
Ethology 117: 19-27. doi:10.1111/j.1439-0310.2010.01851.x. 

3. Cotter SC, Topham E, Price AJP, Kilner RM (2010) Fitness costs 
associated with mounting a social immune response. Ecol Lett 13: 
1114-1123. doi:10.1111/j.1461-0248.2010.01500.x. PubMed: 
20545735. 

4. Gross J, Schumacher K, Schmidtberg H, Vilcinskas A (2008) Protected 
by fumigants: beetle perfumes in antimicrobial defense. J Chem Ecol 
34: 179-188. doi:10.1007/s10886-007-9416-9. PubMed: 18236110. 

5. Sadd BM, Schmid-Hempel P (2007) Facultative but persistent trans- 
generational immunity via the mother's eggs in bumblebees. Curr Biol 
17: R1046-R1047. doi:10.1016/j.cub.2007.1 1 .007. PubMed: 18088585. 

6. Kaltenpoth M, Gottler W, Herzner G, Strohm E (2005) Symbiotic 
bacteria protect wasp larvae from fungal infestation. Curr Biol 15: 
475-479. doi:10.1016/j.cub.2004.12.084. PubMed: 15753044. 

7. Strohm E, Linsenmair KE (2001) Females of the European beewolf 
preserve their honeybee prey against competing fungi. Ecol Entomol 
26: 198-203. doi:10.1046/j.1365-2311.2001.00300.x. 

8. Hefetz A, Eickwort GC, Blum MS, Cane J, Bohart GE (1982) A 
comparative study of the exocrine products of cleptoparasitic bees 
{Holcopasites) and their hosts (Calliopsis) (Hymenoptera: 
Anthophoridae, Andrenidae). J Chem Ecol 8: 1389-1398. doi:10.1007/ 
BF01403102. 

9. Strohm E, Linsenmair KE (1997) Low resource availability causes 
extremely male-biased investment ratios in the European beewolf, 
Philanthus triangulum F. (Hymenoptera: Sphecidae). Proc Royal Soc of 
Lond B 264: 423-429. doi:10.1098/rspb.1997.0060. 

10. Herzner G, Strohm E (2007) Fighting fungi with physics: food wrapping 
by a solitary wasp prevents water condensation. Curr Biol 17: R46-R47. 
doi:10.1016/j.cub.2006.11.060. PubMed: 17240324. 

11. Herzner G, Schmitt T, Peschke K, Hilpert A, Strohm E (2007) Food 
wrapping with the postpharyngeal gland secretion by females of the 
European beewolf Philanthus triangulum. J Chem Ecol 33: 849-859. 
doi:10.1007/s10886-007-9263-8. PubMed: 17334918. 

12. Herzner G, Strohm E (2008) Food wrapping by females of the 
European Beewolf, Philanthus triangulum, retards water loss of larval 
provisions. Physiol Entomol 33: 101-109. doi:10.1111/j. 
1365-3032.2007.00603.X. 

13. Herzner G, Engl T, Strohm E (2011) Cryptic combat against competing 
microbes is a costly component of parental care in a digger wasp. Anim 
Behav 82: 321-328. doi:10.1016/j.anbehav.2011.05.006. 

14. Gibbs A (1995) Physical properties of insect cuticular hydrocarbons: 
Model mixtures and lipid interactions. Comp Biochem Physiology B 
112: 667-672. doi:10.1016/0305-0491(95)00119-0. 



(TIF) 

Table S1. Chemical composition of the content of the 
postpharyngeal gland of T. boharti females with the 
additional compounds detected only in the pooled (N=10) 
and fractionated samples (highlighted in grey). 

(PDF) 

Acknowledgements 

We wish to thank Margot Schilling, Agnes Paech and Margit 
Schimmel for technical assistance. 

Author Contributions 

Conceived and designed the experiments: GH. Performed the 
experiments: GH ES MK KW TP JK DK. Analyzed the data: 
GH. Wrote the manuscript: GH ES. 



15. Gibbs A, Pomonis JG (1995) Physical properties of insect cuticular 
hydrocarbons: The effects of chain length, methyl-branching and 
unsaturation. Comp Biochem Physiology B 112: 243-249. doi: 
10.101 6/0305-0491 (95)00081 -X. 

16. Strohm E, Herzner G, Goettler W (2007) A 'social' gland in a solitary 
wasp? The postpharyngeal gland of female European beewolves 
(Hymenoptera, Crabronidae). Arthropod Struct Dev 36: 113-122. doi: 
10.1016/j.asd.2006.08.007. PubMed: 18089092. 

17. Strohm E, Herzner G, Kaltenpoth M, Boland W, Schreier P et al. (2008) 
The chemistry of the postpharyngeal gland of female European 
Beewolves. J Chem Ecol 34: 575-583. doi:10.1007/s10886-008-9447-x. 
PubMed: 18415061. 

18. Strohm E, Kaltenpoth M, Herzner G (2010) Is the postpharyngeal gland 
of a solitary digger wasp homologous to ants? Evidence from chemistry 
and physiology. Insect Soc 57: 285-291. doi:10.1007/ 
S00040-010-0083-4. 

19. Eelen D, Borgesen L, Billen J (2006) Functional morphology of the 
postpharyngeal gland of queens and workers of the ant Monomorium 
pharaonis (L.). Acta Zool (Copenhagen) 87 101-1 1 1 

20. Lucas C, Pho D-B, Fresneau D, Jallon J-M (2004) Hydrocarbon 
circulation and colonial signature in Pachycondyla villosa. J Insect 
Physiol 50: 595-607. doi:10.1016/j.jinsphys.2004.04.006. PubMed: 
15234620. 

21. Soroker V, Hefetz A, Cojocaru M, Billen J, Franke S et al. (1995) 
Structural and chemical ontogeny of the postpharyngeal gland in the 
desert ant Cataglyphis niger. Physiol Entomol 20: 323-329. doi: 
1 0. 1 1 1 1 /j. 1 365-3032. 1 995.tb00822.x. 

22. Herzner G, Goettler W, Kroiss J, Purea A, Webb AG et al. (2007) Males 
of a solitary wasp possess a postpharyngeal gland. Arthropod Struct 
Dev 36: 123-133. doi:10.1016/j.asd.2006.08.006. PubMed: 18089093. 

23. Herzner G, Ruther J, Goller S, Schulz S, Goettler W et al. (2011) 
Structure, chemical composition and putative function of the 
postpharyngeal gland of the emerald cockroach wasp, Ampulex 
compressa (Hymenoptera, Ampulicidae). Zoology (Jena) 114: 36-45. 
doi:10.1016/j.zool.2010.10.002. PubMed: 21256725. 

24. Kroiss J, Schmitt T, Schreier P, Strohm E, Herzner G (2006) A selfish 
function of a "social" gland? A postpharyngeal gland functions as a sex 
pheromone reservoir in males of the solitary wasp Philanthus 
triangulum. J Chem Ecol 32: 2763-2776. doi:10.1007/ 
s1 0886-006-91 98-5. PubMed: 17131184. 

25. Bagneres AG, Morgan ED (1991) The postpharyngeal glands and the 
cuticle of Formicidae contain the same characteristic hydrocarbons. 
Experientia 47: 1 06-1 1 1 . doi:1 0. 1 007/BF02041 269. 

26. Soroker V, Vienne C, Nowbahari E, Hefetz A (1994) The 
postpharyngeal glands as a 'Gestalt' organ for nestmate recognition in 
the ant Cataglyphis niger. Naturwissenschaften 81: 510-513. doi: 
10.1007/BF01 132686. 

27. Hefetz A, Errard C, Chambris A, Le Negrate A (1996) Postpharyngeal 
gland secretion as a modifier of aggressive behavior in the myrmecine 
Ant Manica rubida. J Insect Behav 9: 709-717. doi:10.1007/ 
BF02213551. 



PLOS ONE | www.plosone.org 



14 



December 2013 | Volume 8 | Issue 12 | e82780 



Postpharyngeal Gland in Trachypus spp. 



28. Lahav S, Soroker V, Hefetz A, Vander Meer RK (1999) Direct 
behavioral evidence for hydrocarbons as ant recognition discriminators. 
Naturwissenschaften 86: 246-249. doi:10.1007/s001140050609. 

29. Pulawski WJ (2013) Catalog of Sphecidae. San Francisco, SA: 
California Academy of Sciences. Available: http:// 
research.calacademy.org/ent/catalog_sphecidae. Accessed 31 August 
2013 

30. Bohart RM, Menke AS (1976) Sphecid wasps of the world. Berkeley, 
CA: University of California Press. 695 pp. 

31. Alexander BA (1992) A Cladistic Analysis Of The Subfamily 
Philanthinae Hymenoptera Sphecidae. Syst Entomol 17: 91-108. doi: 
10.1111/j.1365-3113.1992.tb00324.x. 

32. Koedam D, Slaa EJ, Biesmeijer JC, Nogueira-Neto P (2009) 
Unsuccessful attacks dominate a drone-preying wasp's hunting 
performance near stingless bee nests. Genet Mol Res 8: 690-702. doi: 
10.4238/vol8-2kerr032. PubMed: 19554768. 

33. Koedam D, Morgan ED, Nunes TM, Patricio EDAFLRA, Imperatriz- 
Fonseca VL (2011) Selective preying of the sphecid wasp Trachypus 
boharti on the meliponine bee Scaptotrigona postica: potential 
involvement of caste-specific cuticular hydrocarbons. Physiol Entomol 
36: 187-193. doi:10.1 1 1 1/j.1365-3032.2010.00769.x. 

34. Polidori C, Boesi R, Ruz L, Montalva J, Andrietti F (2009) Prey 
spectrum and predator-size relationship of the solitary wasp, Trachypus 
denticollis, in central Chile (Hymenoptera: Crabronidae). Stud Neotrop 
Fauna E 44: 55-60. doi:10.1080/01 650520902861531. 

35. Evans HE, O'Neill KM (1988) The natural history and behavior of North 
American beewolves. Ithaca and London: Comstock Publishing 
Associates. 278 pp. 

36. Kaltenpoth M, Goettler W, Dale C, Stubblefield JW, Herzner G et al. 
(2006) 'Candidatus Streptomyces philanthi', an endosymbiotic 
streptomycete in the antennae of Philanthus digger wasps. Int J Syst 
Evol Micr 56: 1403-1411. doi:10.1099/ijs.0.64117-0. 

37. Koehler S, Doubsky J, Kaltenpoth M (2013) Dynamics of symbiont- 
mediated antibiotic production reveal efficient long-term protection for 
beewolf offspring. Front Zool 10: 3. doi:10.1 186/1742-9994-10-3. 
PubMed: 23369509. 

38. Kroiss J, Kaltenpoth M, Schneider B, Schwinger MG, Hertweck C et al. 
(2010) Symbiotic streptomycetes provide antibiotic combination 
prophylaxis for wasp offspring. Nat Chem Biol 6: 261-263. doi:10.1038/ 
nchembio.331. PubMed: 20190763. 

39. Kaltenpoth M, Schmitt T, Polidori C, Koedam D, Strohm E (2010) 
Symbiotic streptomycetes in antennal glands of the South American 
digger wasp genus Trachypus (Hymenoptera, Crabronidae). Physiol 
Entomol 35: 196-200. doi:10.1 1 1 1/J.1365-3032.2010.00729.X. 

40. Kaltenpoth M, Yildirim E, Gurbuz MF, Herzner G, Strohm E (2012) 
Refining the roots of the beewolf-Streptomyces symbiosis: Antennal 
symbionts in the rare genus Philanthinus (Hymenoptera, Crabronidae). 
Appl Environ Microbiol 78: 822-827. doi: 10.1 128/AEM.06809-1 1 . 
PubMed: 22113914. 

41. Noirot C, Quennedey A (1974) Fine structure of insect epidermal 
glands. Annu Rev Entomol 19: 61-80. doi:10.1 146/annurev.en. 
19.010174.000425. 

42. Quennedey A (1998) Insect Epidermal Gland Cells: Ultrastructure and 
Morphogenesis. In: F HarrisonM Locke. Microscopic Anatomy of 
Invertebrates. New York: Wiley-Liss, Inc.. pp. 177-207. 



43. Yasui H, Akino T, Yasuda T, Fukaya M, Ono H et al. (2003) Ketone 
components in the contact sex pheromone of the white-spotted 
longicorn beetle, Anoplophora malasiaca, and pheromonal activity of 
synthetic ketones. Entomol Exp Appl 107: 167-176. doi: 1 0.1 046/j. 
1570-7458.2003.00053.X. 

44. Soroker V, Hefetz A (2000) Hydrocarbon site of synthesis and 
circulation in the desert ant Cataglyphis niger. J Insect Physiol 46: 
1097-1102. doi:10.1016/S0022-1910(99)00219-X. PubMed: 10817835. 

45. Akino T, Yamamura K, Wakamura S, Yamaoka R (2004) Direct 
behavioral evidence for hydrocarbons as nestmate recognition cues in 
Formica japonica (Hymenoptera: Formicidae). Appl Entomol Zool 39: 
381-387. doi:10.1303/aez.2004.381. 

46. Strohm E, Linsenmair KE (1997) Female size affects provisioning and 
sex allocation in a digger wasp. Anim Behav 54: 23-34. doi:10.1006/ 
anbe.1 996.0431. PubMed: 9268432. 

47. Schubert R (1984) Lehrbuch der Okologie. Jena: VEB Gustav Fischer 
Verlag. 595p. 

48. Patricio Eflra, Cruz-Lopez L, Maile R, Tentschert J, Jones GR et al. 
(2002) The propolis of stingless bees: terpenes from the tibia of three 
Frieseomelitta species. J Insect Physiol 48: 249-254. doi:1 0.101 6/ 
S0022-1910(01)00170-6. PubMed: 12770125. 

49. Leonhardt SD, Bliithgen N, Schmitt T (2009) Smelling like resin: 
terpenoids account for species-specific cuticular profiles in Southeast- 
Asian stingless bees. Insect Soc 56: 157-170. doi:10.1007/ 
S00040-009-0007-3. 

50. Gershenzon J, Dudareva N (2007) The function of terpene natural 
products in the natural world. Nat Chem Biol 3: 408-414. doi:10.1038/ 
nchembio.2007.5. PubMed: 17576428. 

51. Adam H, Czihak G (1964) Arbeitsmethoden der makroskopischen und 
mikroskopischen Anatomie. Stuttgart: Gustav Fischer Verlag. 583pp. 

52. Francis GW, Veland K (1981) Alkylthiolation for the determination of 
double-bond positions in linear alkenes. J Chromatogr 219: 379-384. 

53. Howard RW (1993) Cuticular hydrocarbons and chemical 
communication. In: DW Stanley-SamuelsonDR Nelson. Insect Lipids: 
Chemistry, biochemistry and biology. University of Nebraska Press, pp. 
179-226. 

54. Witte V, Foitzik S, Hashim R, Maschwitz U, Schulz S (2009) Fine tuning 
of social integration by two myrmecophiles of the ponerine army ant, 
Leptogenys distinguenda. J Chem Ecol 35: 355-367. doi:10.1007/ 
S10886-009-9606-8. PubMed: 19234744. 

55. Kroiss J, Svatos A, Kaltenpoth M (2011) Rapid identification of insect 
cuticular hydrocarbons using gas chromatography - ion-trap mass 
spectrometry. J Chem Ecol 37: 420-427. doi:10.1007/ 
S10886-01 1-9933-4. PubMed: 21431866. 

56. Legendre P, Legendre L (1998) Numerical Ecology. Amsterdam: 
Elsevier Science B.V.. 

57. Clarke K, Green R (1988) Statistical design and analysis for a 
'biological effects' study. Mar Ecol - Progress Ser 46: 213-226. doi: 
10.3354/meps046213. 

58. Hammer 0, Harper DAT, Ryan PD (2001) PAST: Paleontological 
statistics software package for education and data analysis. 
Paleontologia Electronica 4: Art. 4:: 9pp. 



PLOS ONE | www.plosone.org 



15 



December 2013 | Volume 8 | Issue 12 | e82780 



